The relative efficlency (RE) of N2 fxation (RE - uptake hydrogenase activity (Hup-phenotype), RE presumably is a measure of apparent EAC.
Symbiotic N2 fixation in legumes is a function of the Rhizobium nitrogenase enzyme complex. Nitrogenase normally catalyzes a concurrent reduction of N2 to NH3 and protons to H2, but under a 90% air, 10% acetylene atmosphere, essentially all electrons are transferred to acetylene (6) . EAC3 is a convenient expression that reflects the partitioning of reductant among protons and alternative substrates such as N2 or C2H2 (6): EAC = (exogenous substrate reduced)/(H30' reduced + exogenous substrate reduced). The view that N2 is the primary substrate of nitrogenase led Schubert and Evans (19) to defme RE as a parameter for evaluating the significance of H2 production by nitrogenase: RE = 1 -(H2 evolved in air)/(C2H2 reduced). The RE in vivo depends on the EAC of nitrogenase and the capacity of the Rhizobium to recover H2 by a separate uptake hydrogenase (19 uptake hydrogenase activity (Hup-phenotype), RE presumably is a measure of apparent EAC.
The potential agronomic advantages postulated for Rhizobium phenotypes with uptake hydrogenase activity (19) led to studies of various factors that influence RE. Bethlenfalvay and Phillips (2, 3) showed that RE was altered by plant age and irradiance in Pisum sativum L. cv 'Alaska' with the Hup+ R leguminosarum strain 128C53. Using 3H2 incorporation as an assay for uptake hydrogenase, they suggested that changes in RE ofthat host-strain combination resulted from variations in both uptake hydrogenase activity and EAC (4) . In other studies of a symbiosis between the Hup+ Rhizobium strain 176A28 and Vigna unguiculata (L.) Walp., where essentially no H2 was measured outside the nodule, plant age had no effect on RE (18) .
Results with purified nitrogenase showed that the availability of MgATP and other factors influenced EAC (6, 7, 11) . If such changes occur in vivo, they could have physiological significance. The present study was conducted to determine whether the RE, and thus presumably the apparent EAC, changed in the Hup-R leguminosarum strain 3740 (5) on Alaska peas during an extension of the normal dark period. The hypothesis underlying this experiment was that an extended dark treatment could affect carbohydrate supply within the root nodule and possibly alter energy available to the bacterial nitrogenase complex.
MATERIALS AND METHODS
Biological Materials. Alaska peas (Pisum sativum L.) were grown aseptically in vermiculite with N-free nutrient solution as described by DeJong and Phillips (8) , except for the following modifications. Leonard jars were constructed from 1.5-liter wine bottles, and two plants were maintained in each jar. The normal conditions in environmental cabinets were a 16/8 h light/dark, 19/14°C day/night with a 550 ,uE m-2 s-1 (400-700 nm) photosynthetic photon flux density measured 25 cm above the jar surface with the LI-185B quantum sensor (Licor, Inc.). 'Woogenellup' subclover (Trifolium subterraneum L.) was grown under identical conditions with nine seeds in each Leonard jar. When the normal dark period was extended, the customary night temperature was maintained. Upon reillumination, the normal day temperature was established under various irradiance levels. Peas were inoculated with Rhizobium leguminosarum strain 3740; subclover was inoculated with R trifolii strain 162X99 (supplied originally by J. Burton Soluble sugar concentrations in root nodules declined significantly during the extended dark period and then increased during the subsequent light treatment in 24-d-old peas (Fig. 3, upper  panel) . Starch concentrations within the nodules did not vary significantly from 0.14 ± 0.01 mg glucose eq mg-' nodule dry weight during the dark period and subsequent reillumination. Free amino acid concentration in root nodules varied inversely to soluble sugars (Fig. 3, lower panel) . Reillumination Studies. Altering shoot CER by providing different photon flux densities to 24-d-old peas after a 20-h dark treatment had significant effects on root nodule parameters. During 8 h of reillumination, the CER values, which increased significantly with greater irradiance (P c 0.01), showed a positive correlation with the relative increase in root respiration over the rate measured at the end of the dark period (r = 0.81, P _ 0.001) ( Table I) . Within 4 h during the reillumination period, root temperature increased from the 14°C value of the dark period to 190C in all five irradiance treatments including the continued dark conditions. The higher irradiance levels (380 and 550 ,uE m-2 s-i) decreased RE significantly (P c 0.01) compared with lower irradiance or dark treatments. That change in the calculated RE resulted from a relatively greater increase in HE than in AR (Table II) . Soluble sugars in root nodules generally increased with irradiance after 4 h of reillumination (Table III) . Soluble sugar concentration in root nodules and AR on comparable plants were positively correlated among different irradiance treatments during 8 h of reillumination (r = 0.94, P c 0.01). Free amino acid concentration in root nodules declined significantly between 4 and 8 h after reillumination (P _ 0.05), but irradiance levels between 90 and 550 ,E m-2 s-' had no significant effect on this parameter.
DISCUSSION
The data collected in this study show clearly that under the abnormal experimental conditions of an extended dark period, the RE of Hup-Rhizobium strains can increase (Fig. 1) Several important controls run during these studies eliminated some other explanations for the observed changes in RE. In all but two cases (Table II, footnote) , RE values were calculated from linear rates of H2 evolution in air and acetylene reduction measured on the same plants. The exceptional cases occurred in peas exposed to 24 and 28 h of darkness when excised root systems did not show linear rates of nodule activities long enough to measure both HE and AR on the same plants. Thus, changes in RE did not result from spuriously low rates of acetylene reduction associated with root nodules depleting their available carbohydrate supplies. In all cases where RE was altered significantly by an experimental treatment, the rates of AR in 90%o air/l0% acetylene and H2 evolution under 80o argon/20% O2 were not significantly different. Thus, AR measurements assessed the total flow of reductant through nitrogenase (6) . The combination of these results and the fact that in the Hup-rhizobia, nitrogenase is the only known mechanism having significant measurable effects on H2, acetylene, and ethylene, strengthens the interpretation that changes in RE measured in this study reflected differences in the underlying EAC ofnitrogenase. Changes in RE ofthe Hup-strain 3740 also have been produced by various long-term environmental factors including availability of combined N, various irradiance levels, and CO2 enrichment (9) . Assays for 3H2 incorporation in pea nodules under conditions that produced an increase in RE showed no evidence of uptake hydrogenase activity.
The corresponding changes in nodule soluble sugars and RE during experimental treatments in this study ( Figs. 1 and 3 ; Tables  II and III) provide interesting information on the relationship between host plant photosynthate supply and rhizobial nitrogenase activity. Previous studies suggested that AR was promoted by an increase in soluble sugars or recent photosynthetic products in root nodules (13, 20) . That concept was supported in the present study by the significant correlation between AR and soluble sugars during the extended dark period (r = 0.91, P s 0.01) and in plants with various CER values following the dark treatment (r = 0.94, P s 0.01). The experiments reported here, however, extend that concept by showing that the Rhizobium cells apparently altered the fraction of reductant used to reduce N2 as total soluble sugar concentration changed in the nodule. Thus, during an extended dark period, the RE increased while soluble sugar concentration declined, and upon reillumination the converse occurred. If the RE fairly reflects the actual EAC, then the physiological significance of these events is that N2 reduced, which presumably was proportional to (AR-HE), was buffered toward a relatively more constant value.
Starch and free amino acids in root nodules showed little relationship to short-term changes in RE (Tables II and III) . The constant starch concentration measured throughout the dark period and subsequent light treatment provided additional support for the close relationship between recent photosynthetic products and AR (13) . Similarly, the fact that free amino acids in root nodules increased significantly (P c 0.05) during the first 8 h of the normal dark period when RE did not vary (Figs. la and 3b) , permits the conclusion that free amino acid concentration probably did not have a direct effect on RE in this system. Others also have concluded that the presence of reduced N compounds has little effect on nitrogenase activity (10, 15, 16) .
Although the results of these experiments are interpreted in terms of a host plant influence on rhizobial RE exerted through changes in available carbon sources, possible effects of temperature should be mentioned. The change in RE during an extended dark period probably did not reflect an effect of temperature because pot temperature was constant at 14°C from 4 h after the dark period began until 16 h later when plants were reilluminated.
